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Abstract

While isolated stars evolve in fairly predictable ways, the evolution of a binary star (i.e., a pair
of stars) is not as well understood. Many close binary systems undergo a phase of evolution
wherein one star engulfs the other such that both stars share a common stellar envelope.
During this phase, the orbital distance between the two stars rapidly shrinks by a factor of
100-1000 in approximately 1-10 years. As a result of this so-called “inspiral,” the companion
deposits energy into the envelope until the shared envelope itself becomes gravitationally
unbound and is ejected from the system. The efficiency with which energy is transferred from
the orbiting companion to the common envelope (CE) has been observationally shown to be
low in low-mass stars and high in high-mass (>8 solar masses) stars. I investigate the role
of the internal structure of the envelope, specifically the convective properties, on modulating
the ejection efficiency and final outcomes of CE evolution.
Convection, a process which occurs in all stars, is able to mix and transport energy to
the surface of the CE where it can be lost via radiation, thereby lowering the efficiency of
the interaction. I explore the effects of convection on both low-mass CE outcomes (double
white dwarfs) and high-mass CE outcomes (Wolf-Rayet binaries). I find that the lowered CE
efficiency due to convection and radiative losses produces double white dwarfs with final separations that match observations. In addition, high-mass binaries which undergo a convective
CE phase also match observations despite the limited role convection plays in lowering the
ejection efficiency for high-mass envelopes. The inclusion of convection in CEs reconciles the
discrepancy in efficiencies observed between low-mass and high-mass post-CE binaries.
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Chapter 1

Introduction
When the people of ancient Greece gazed into the night sky, they explained their observations
with tales of hunters, animals, sisters, and other earthly beings as immortalized among the
stars. Humans, before and after the ancient Greeks, have been continually fascinated by
these celestial bodies. Today, astronomers have found new explanations for these same stars.
Our observations lead us to conclude that the sword of the mighty hunter, Orion, is a starforming region where stars are born. His red shoulder, Betelgeuse, is a massive star at the
end of its life, leaving us waiting for the dramatic moment that it explodes into a supernova.
The stars which bejewel Orion’s belt fuse hydrogen which produces enough energy to prevent
gravitational collapse. These explanations of stellar phenomena represent a small subset of
the astrophysical mechanisms we have come to understand with modern observations, but
explaining the stars we see, and fail to see, is a venture that continues today.

1.1

Stellar Evolution

Stellar nurseries are regions of dense gas and dust that serve as the humble birthplace of stars.
A star begins its life as a cloud of gas which begins to collapse under the force of gravity
to form a sphere of stellar material. This pre-main-sequence (PMS) star continues to grow,
gathering nearby mass of the molecular cloud [5]. This star will likely be joined by multiple
stars that form out of the same molecular cloud, the majority of which will be low-mass stars.
Chapter 1. Introduction
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Observations of stars which have formed out of a single cloud have been found to follow a
functional form called the initial-mass function (IMF) [5]. The cloud of gas and dust around
a PMS star, known as the circumstellar disk or protoplanetary disk, accretes onto the central
star at the same time as planets are forming within the disk [6]. After the disk’s material
has been accreted, the star has a core which is not hot enough to fuse hydrogen, allowing it
to continue to collapse under gravity. When the core becomes compact—and therefore hot—
enough for hydrogen to fuse, the star enters the main sequence (MS) phase, where it will spend
most of its lifetime.
Though stars spend most of their lifetimes stably burning hydrogen, their evolution is
marked by periods of drastic change. All stars spend a majority of their lifespan quietly fusing
hydrogen in their interiors. As hydrogen fuses, the star maintains its temperature and radius,
with only minor deviations. When the hydrogen in the stellar core has been fused to helium,
a shell of hydrogen surrounding the core begins to fuse. This is where low-mass stars’, defined
here as stars whose Zero-Age Main Sequence (ZAMS) mass is under approximately 8 solar
masses, and high-mass stars’ evolution begins to differ.

1.1.1

Low-Mass Stars

Low-mass stars begin expand tens to hundreds of times their initial MS radii as a result of
depletion of hydrogen in the core, in some cases crossing the Hertzsprung gap (a region of
stellar temperature-luminosity space that few stars occupy) rapidly. This first phase when the
star increases in radius following evolution off of the main sequence is named the Red Giant
Branch (RGB). Without the radiation pressure of fusing hydrogen coming from the core, the
core contracts. In stars < 2M⊙ , the contracted core becomes degenerate - its highly dense
matter is only kept from collapsing due to the inability of the half-integer spin particles to
occupy any closer space as described by the Pauli exclusion principle.
During its time as an RGB star, the outer layers are diffuse and extended as the helium
core continues to grow. The outermost layers of the RGB star will begin to be pushed away
from the remainder of the star via dust-driven winds, which will be described in detail below.
2
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Figure 1.1: The radius of a 1.0M⊙ star over its lifetime. Several phases of the star’s evolution
are labeled: the main sequence (MS), the Red Giant Branch (RGB), the Zero-Age Horizontal
Branch (ZAHB), and the white dwarf (WD).

The star shrinks off of the Red Giant Branch as it enters the Zero-Age Horizontal Branch and
core helium burns as hydrogen shell burning continues. Finally, after the core elements have
fused to carbon and oxygen, and the hydrogen shell has fused to helium, the star expands
for a second and final time up the so-called Asymptotic Giant Branch (AGB). On the AGB,
stars experience concentric shell burning of hydrogen and helium, with explosive helium shell
burning resulting in thermal pulses – or large and rapid fluctuations in luminosity and radius
[7]. Stars in this phase are, again, hundreds of times the MS radius with diffuse outer layers.
Just as with the RGB star, dust-driven winds expel the low-density circumstellar envelope of
the star leaving behind only the degenerate stellar core, which is now called a white dwarf
(WD).
Chapter 1. Introduction
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Figure 1.2: Core mass of the star throughout a 1.0M⊙ star’s evolution.

Mass loss via dust-driven winds is a topic of active research. Theoretical and observational
studies have been conducted to constrain the rate of stellar mass loss, the mechanisms driving
mass loss, and properties of the circumstellar envelope. Typical rates of mass loss range from
dM
dt

= 10−7 to

dM
dt

= 10−5 M⊙ /yr, with outflow speeds of ≈ 10 km/s, but can exceed theses

rates in some cases [8].
As the highly convective AGB star pulsates, photospheric material which has been pushed
away from the star can form dust. Radiation pressure interior to the dust molecules drives
the dust and gas away from the star, resulting in a stellar wind [8]. Processes like stellar
pulsation, convection, dust formation, and winds have all been considered to understand deeper
intricacies of mass loss events. Observations of mass loss events and circumstellar material
point to different species and size of dust grains depending on several parameters of the star
(e.g. ZAMS mass, metallicity, age, etc.). Given the large range of mass loss rates which spans
two orders of magnitude, and the amount of uncertainty in both observations and theory, work
is ongoing to further our understanding of stellar mass loss [8].
When stars evolve in isolation, they experience all of the above phases and end as a WD.
The mass of the WD can then be tied to the star’s initial properties, such as ZAMS mass
4
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and metallicity. As the star evolves, its core will grow in mass. This is shown in Figure 1.2.
At the end of the star’s life, as the widest layers of the star’s envelope blow away, the escape
velocity decreases as the surface gravity decreases. This dramatic shift allows the wind speeds
to increase from tens of kilometers per second to thousands. During this planetary nebula
phase, the hot, central core of the star is exposed causing the effective temperature to rise
from Teff ≈ 1000 K to Teff ≈ 105 K. Finally, after the circumstellar envelope is blown away,
all that remains is the WD, which can grow no more. The initial-final mass relation (IFMR)
defines a mathematical relationship between the ZAMS mass of the star and its fully-grown
WD mass at the end of its lifetime and is derived via observations of white dwarfs in clusters
[3]. The IFMR is discussed further in Section 2.3.

1.1.2

High-Mass Stars

High-mass stars experience late phases of evolution that are markedly different from that of
their low-mass counterparts. During hydrogen shell burning in high-mass stars, the helium
in the core can begin to fuse before it becomes degenerate. Instead, the core continues to
fuse heavier and heavier elements, building concentric “burning” (nucleosynthetic) shells of
elements, up to the iron shell, when nucleosynthesis becomes endothermic. The inability for
fusion to occur triggers gravitational collapse producing a neutron star or black hole. These
core-collapse supernova events cause extreme and rapid mass loss at the end of the massive
star’s life.

1.2

Stellar Multiplicity

Both low-mass and high-mass stars can form and evolve in groups of two or more [9]. In
fact, pre-main-sequence stars exhibit high rates of binarity, indicating that stellar multiplicity
is a property that is intinsic to stellar evolution. The multiplicity fraction (MF) for any set
of stars describes what percent of stellar systems more than one stellar component (substellar companions like planets are not considered in this value). A stellar population’s MF is
dependent on many parameters of the population such as age (evolutionary stage), ZAMS
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mass, and metallicity. Each of these factors plays a role in the multiplicity of the population
and, consequently, on the evolution of the system. This work focuses on binary evolution of
different masses of stars so emphasis here will be placed on the dependence on ZAMS mass.
Below I summarize the review as presented by [1].
Sub-solar (0.1-0.5M⊙ ) main-sequence stars, the largest set of stars by number, is a population with a MF of 26 ± 3%. The widest-separation (50-105 AU) binaries (whose distance
from each other reduces chance of interaction) may not be accurately represented in this value,
which may allow the frequency to rise to 42 ± 9%. A statistical distribution of orbital periods
and mass ratios would provide further insight into the nature of these MFs, but is challenging
to constrain for sub-solar systems due to the low number of stellar companions.
Sun-like stars (0.7-1.3M⊙ ) and intermediate-mass (1.5-5M⊙ ) main-sequence stars tend to
follow similar multiplicity patterns to one another. The MF of stars in this mass range has
been measured to be as high as 50 ± 3%, and is generally agreed to be higher than that of
sub-solar stars. While there has been some evidence that young (∼0.1−1 Gyr) solar-type stars
have more visual companions than older stars of the same mass, more conclusive data is still
needed to draw a robust conclusion about the dependence of cosmological age on multiplicity.
The high MF of this mass range of stars provides an easily discernible distribution of observed
orbital periods that follows a log-normal distribution with a broad and flat peak between
P ≈ 102.5 − 105 days (1-300 years, ∼1-45 AU). For solar-type stars, if this distribution is split
at the median orbital period, the mass-ratios of short-period and long-period binaries peak at
q ≈ 1 and q ≈ 0.3, respectively.
The multiplicity properties of high-mass main-sequence stars (M > 16M⊙ ) has been widely
studied, but no robust consensus has been reached. Despite this, it is clear that the majority
of high-mass stars have at least one stellar companion, such that MF ≥ 80%. The orbital
periods for these systems tend to lie between 4 and 8 days, though this range spans to 3000
days. Mass ratios for high-mass stars are subject to bias, as both spectroscopic and visual data
from low-mass companions can be overwhelmed by the high-mass primary [1, and references
therein].
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Figure 1.3: Duchene & Kraus’ (2013) [1] Figure 1, which depicts the multiplicity fraction
(MF) in blue triangles and companion fraction (CF, average number of stellar and substellar
companions per star) in red squares as a function of primary mass.

The evolution of a pair of stars (i.e., a binary star) will advance differently than the
evolution of a single star. The two stars, based on their mass ratio and separation, may affect
each other’s evolution such that each is significantly altered. Constraining the likelihood and
frequency of binary star co-evolution for different sets of stellar populations is integral to our
understanding of binary star evolution.

1.3

Binary Star Evolution

Stellar evolution of single stars is well-studied, but stars often do not form in isolation. Instead
they tend to form in pairs or multiples that can significantly affect the evolution of the primary
component [1]. The initial conditions of binary systems set the stage for the entirety of the
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system’s lifetime; the ZAMS mass of each star and the initial separation of the binary system
will affect the pace and outcomes of evolution. The initial separation of a binary, which can
range from wide-enough that it is barely bound (wide binaries of separation ≳20 AU) to closeenough that the two stars share stellar material, can determine the outcome of the binary
evolution [1].
The gravity and angular momentum of each star in a binary determines an equipotential
surface between the two stars known as the Roche Lobe. When one of two closely orbiting
(a ≲ 5 AU) stars expands and fills its Roche Lobe, the now-interacting binary classification
changes from “detached” to “semi-attached,” meaning one star has filled its Roche Lobe. At
this time, material can flow between the two stars in a process called Roche lobe overflow.
Should both stars fill their Roche lobes, the binary is in the “contact” class [10]. When one
star fills its Roche lobe and consequently engulfs its companion, either directly or as a result
of orbital decay via tidal dissipation it commences a phase of binary evolution known as the
common envelope evolution.

1.3.1

Common Envelope Evolution

First proposed by Paczynski [11], the theory of common envelope (CE) evolution describes
the theorized phase in binary star evolution where both components of the binary orbit within
a shared, common envelope. In practice, CE evolution provides possible pathways by which
several observed phenomena come to be. The CE phase may commence through Roche lobe
overflow, direct engulfment, or other processes such as orbital decay via tidal dissipation
[12, 13, 2, 14, 15]. After engulfment, the two bodies orbit within a shared, common envelope,
exchanging energy and angular momentum [16, 17, 18].
In a binary system, the more massive star - the primary - will expand into a giant before
its companion, as more massive stars evolve more quickly. The now more extended star will
cause a change in the tidal forces acting on the companion star and/or the primary star may
expand wide enough to directly engulf the companion (this may occur when the primary is
a RGB star, AGB star, or supergiant depending on the initial separation of the binary and
8
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Figure 1.4: Pathways and outcomes of CE interactions as described by Ivanova et al. (2013)
[2]. Each column depicts scenarios that may follow different zero-age main sequence (ZAMS),
or initial masses, of the binary components. These evolutionary tracks are not exhaustive.

the component masses) thus beginning the CE phase. During this phase, the two bodies orbit
within a shared stellar envelope of gas.
The companion, now surrounded by the stellar envelope, experiences a dynamical friction
wherein its cross-section interacts with the surrounding medium, causing the companion’s
orbital velocity to slow. This begins a phase of “inspiral,” during which the companion’s orbit
around the primary core decays and spirals inward. The companion inspirals toward the center
of the primary depositing energy into the envelope. If the energy with which the envelope is
bound to the primary is exceeded by the energy deposited by shrinking orbit, the envelope
may become unbound from the primary and be ejected from the system thereby leaving a
short-period system.
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In the cases of CE evolution where the envelope is ejected, the CE results in a short-period
binary consisting of the companion orbiting the compact-object core. In many cases, a second
CE may take place, this time with the compact object as the inspiraling companion. Products
of CE evolution can be the progenitors of various systems: double white dwarfs (DWDs),
Type Ia supernovae, and other magnetized, compact binary systems [2], and CE evolution is
thought to be the primary mechanism by which short-period binaries are formed [19, 20, 21],
though not the only one [22, 23, 24, 25]. A summary of possible CE pathways is shown in
Figure 1.4.
The CE phase is very short (≲1-1000 years), making direct observations difficult. Therefore, studies of CE evolution and CE outcomes rely heavily on simulations or population
synthesis codes. Both of these techniques necessarily make assumptions about the system
based on data with large uncertainties. Examples of such are the efficiency with which the
energy exchange occurs, the mass loss rate of the primary, and the internal processes of the
stars.
One internal process that takes place inside every evolved star is convection. As stars
expand, their envelopes become nearly fully convective, allowing turbulent eddies of stellar
matter to transfer and mix material and energy throughout the envelope. During dredge-up
events, convection can carry elements from deep in the star to the surface where they are
observable [7]. Thermal pulses, driven by convection, may be a primary contributor to lowmass mass loss events [8]. Convection is a ubiquitous internal process for stars late in their
evolution, yet its effects on binary star evolution are often entirely neglected.
During CE evolution, the shared envelope is gravitationally bound to the primary core by
some energy, called the binding energy, or Ebind . As the companion’s orbit around the core
decays, it has some orbital energy that changes with the shrinking orbital radius, ∆Eorb . These
energies are described in detail in Section 2.2.1. To first order, when the binding energy is
exceeded by the energy being deposited by the companion (i.e., ∆Eorb > Ebind ), the envelope
becomes gravitationally unbound, allowing the envelope to be ejected from the binary. The
energy transfer between companion and envelope that allows it to become ejected occurs with
10
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some efficiency, α, constraining which has been an area of active research.
The outcomes of CEs vary depending on the initial mass and evolutionary phase of both
stellar components, the initial orbital separation of the binary, the internal structure of the
primary, and the efficiency with which the change in orbital energy can contribute to unbinding
the common envelope. This efficiency value is typically defined as

α=

Ebind
,
∆Eorb

(1.3.1)

and is often taken to be a constant value in studies of CE evolution. Predictions for CE
outcome populations are sensitive to input parameters, including this CE efficiency, so both
observational and theoretical work have been done to constrain α.

1.3.2

Observations of Post-CE Binaries (PCEBs)

Close binaries which are thought to be a result of CE evolution, or post-common-envelope
binaries (PCEBs), have been observed and analyzed over decades. Low-mass PCEBs consist
of binary systems where at least one component is the remnant WD core of a primary whose
envelope has been ejected. Specifically, low-mass PCEB systems may be white dwarf+main
sequence (WDMS) binaries or double white dwarf (DWD) binaries. Studies using the Sloan
Digital Sky Survey (SDSS) have been instrumental in understanding the population of PCEBs
[26, 27, 28, 29]. More recently, binary status and parameters as calculated by Gaia have
allowed for large, combined catalogs of low-mass PCEBs, providing data on 839 PCEBs as of
this writing [30, 31].
While the observed population of PCEBs is large, they constitute only 15-24% of the total
population of WDMS binaries, based on the fraction of systems with orbital periods of < 300
days [27, 28]. From SDSS data, the orbital periods of the identified low-mass PCEB WDMS
systems range from ∼2 hours to ∼4.5 days [28]. Reproducing these short-period binaries
remains a challenge for simulation work, population synthesis studies, and reconstruction
studies alike, and will be described in forthcoming sections.
Observations of DWD candidates have allowed for lengthy compilations of their orbital
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parameters [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,
54, 55, 56, 57, 58, 59, 60]. These DWDs are identified based on radial velocity variations or
eclipses. A subset of these surveys (e.g., [56, 60]) focus on the identification of extremely low
mass (ELM) white dwarfs, whose mass is less than is expected based on the initial-final mass
relation likely because the growth of the WD was interrupted by the onset of a CE phase [3].
High-mass PCEBs are somewhat less straight-forward to observe due to the small size and
luminosity of high-mass stellar remnants (neutron stars and black holes). Other PCEB objects,
such as X-ray binaries, Wolf-Rayet binaries, and millisecond pulsars are used as laboratories
to examine the outcomes of high-mass CE evolution. The periods of known high-mass X-ray
binaries in the galaxy and Magellanic clouds range from ∼2 to ∼1236 days, giving nearly all
of these systems longer periods than their low-mass PCEB counterparts [61]. The periods of
Wolf-Rayet (stripped-envelope) binaries in the Magellanic cloud have also been shown to be
longer than low-mass PCEBs, with periods between ∼2 and ∼ 158 days [62, 63]. Likewise,
observations of millisecond pulsars (with WD companions) are consistent with the longer
orbital periods of other high-mass PCEBs, with only a small subset (∼10%) having periods
less than one day [64].
The difference in the observed orbital periods of low-mass and high-mass PCEBs is an
intriguing trait of these populations. Identification of a unifying theory that describes the
means by which low-mass CEs produce shorter-period binaries and high-mass CEs produce
longer-period binaries would provide new insights into the mechanism of CE evolution and
envelope ejection.

1.3.3

Investigations of CE Outcomes with Simulations

Low-mass common envelopes have been simulated in recent studies by several different codes
and numerical techniques, each attempting to constrain the conditions under which the shared
envelope becomes ejected from the binary. Several three-dimensional hydrodynamic simulations find that although the inspiral of the companion occurs quickly through the low-mass
giant’s envelope, the envelope does not unbind, allowing a conclusion of a low efficiency of
12
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energy transfer between companion and envelope. Instead of expelling the envelope from the
system altogether, the envelope begins to move away from the core of the star but remains
bound [65, 66, 67, 68].
To address the inability for the companion alone to eject the envelope, many studies
propose that additional energy sources must be at play. Some proposed energy sources include
recombination energy, accretion onto the companion, and the resulting jets. Longer-term
processes like dust-driven winds and radiation pressure have also been proposed to play a role
in ejection. Despite these additional sources which may raise the negative binding energy of
the envelope, the envelopes in these simulations tend to remain bound [69, 70, 71, 72, 73, 74,
75, 76, 77, 78].
Simulations of high-mass common envelopes have also been performed. In an attempt
to recreate the conditions which lead to millisecond pulsars, x-ray binaries, double compact
objects, and gravitational waves, several studies immerse a 1.4M⊙ neutron star in the envelope
of a red supergiant and investigate the properties and outcomes of the subsequent CE evolution.
In most cases, these high-mass CEs require high efficiencies to eject the envelope [79, 80, 81],
with one exception that disregards the envelope exterior to the inner 10R⊙ of the primary
[82].
The ejection efficiency determined via simulations has led to a discrepancy between lowmass and high-mass CEs, often driving investigation of additional energy sources. While
the effects described above may, indeed, prove to be an important factor in ejecting the
common envelope, it is necessary to consider the physical effects which are excluded from
the simulations, such as convection and radiation.

1.3.4

Constraints of CE Ejection Efficiency with Reconstruction and Population Synthesis Studies

Identification of systems that are likely the result of CE evolution can allow reconstruction of
the initial system to narrow down evolutionary channels and specific values of α. One such
study asserts that the efficiency must be low (α = 0.2 − 0.3) to produce observed low-mass
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PCEB systems [83]. Yet another reconstruction study of a PCEB system finds a low efficiency
(with additional λ parameter which describes the structure of the extended envelope and is
approximately unity) of αλ = 0.45 ± 0.17 [84].
Studies which produce and evolve stellar populations based on an initial mass function can
provide constraints on the CE efficiency by comparing observed and synthesized PCEBs. In
particular, binary population synthesis (BPS) research allows statistical examinations of the
predicted outcomes CE evolution based on input parameters such as the ejection efficiency.
One population synthesis study determined that α > 0.1 can reasonably explain low-mass
systems with late-type companions, yet produced more binaries than are observed of systems
with periods greater than a day [85]. Other population synthesis studies still agree that CE
efficiency must be low to accurately reproduce observations of M-dwarfs+WDs in the Sloan
Digital Sky Survey sample [19, 86], as populations which underwent a high-efficiency CE phase
exhibit an overabundance of long-period systems when compared to observations.
Similar studies of high-mass binaries also employ α to describe the ejection efficiency of
more-massive systems. Population synthesis studies of high-mass PCEBs which compare to
observations of Be/X-ray binaries, supersoft x-ray sources, and millisecond pulsars find that
a high efficiency best reproduces the observed data [87, 88, 89, 90, 91, 92]. In many cases,
population synthesis codes that produce gravitational waves sources from high-mass progeny
assume that the CE phase is highly efficient, i.e., α ∼ 1 [93, 94].

1.4

Motivation and Structure

The majority of the above studies agree that in order to replicate observations of individual
PCEBs or populations of PCEBs, the CE efficiency must be low for low-mass stars and high
for high-mass stars. While many of the simulations and other studies described assume the
CE efficiency coefficient to be constant across all binary systems, others still have considered
the dependency of α on parameters of the system such as mass ratio, though with differing
results [95, 29]. An ejection efficiency which is specific to the mass of the binary components
and evolutionary stage of the system may more accurately describe the CE phase and bridge
14

1.4. Motivation and Structure

1.4. Motivation and Structure
the gap between low-mass and high-mass binary outcomes. In this work, I explore the effect
of the internal structure of the primary envelope, namely convection, on the ejection efficiency
of CE interactions and the resulting post-CE outcomes, given the turbulent convective nature
of both high-mass and low-mass stellar envelopes.
This dissertation is structured in the following way. Chapter 2 defines the physics concepts
which are integral to this work and describes the implications of these physical properties on
stellar evolution. In Chapters 3 and 4, applications of the physically-motivated CE ejection
model for low-mass and high-mass stars are explained, respectively. A summary, conclusions,
and future directions are presented in Chapter 5.
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Chapter 2

Toward a Physically-Motivated and
Scenario-Dependent Ejection
Efficiency
2.1

Introduction

When modeling the interaction of a binary, there are physical properties of each star which
must be considered as well as properties of the system which will vary depending on the specific
scenario. The dominant energy sources limiting envelope ejection, the binding energy of the
primary and the change in orbital energy of the companion, depend on the mass of each star
and the evolutionary state of the system. It is known that the outer envelopes of giant stars
are nearly fully convective, yet due to computational complexity, the effects of convection are
excluded from global simulations of CEs. Meanwhile, an analysis of the convective properties of
the primary will reveal a mechanism which can mix and transport energy, ultimately lowering
the energy available to unbind the stellar envelope.
The efficiency with which energy within the CE can eject the envelope is known as the
ejection efficiency. Based on observations, the efficiency is known to be low for low-mass CE
systems and high for high-mass CE systems. In many studies of CE evolution, a uniform
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efficiency is used, ignoring both the internal structure of the shared envelope and properties
of the binary (e.g., mass ratio, age, etc.). Such studies frequently produce CE outcomes which
are at odds with observations of PCEBs. Instead, an ejection efficiency which considers the
specific properties of the stellar envelope (e.g., convection) and the binary system will describe
the energy transfer, ejection efficiency, and final outcomes of CE evolution with more physical
fidelity.

2.2
2.2.1

Physics and Energy Arguments
Energy

As the companion and primary orbit within a shared envelope, their exchange of energy
can determine the final outcome of the system. There are two main energy sources to be
considered: the binding energy of the primary, Ebind , and change in orbital energy of the
companion, ∆Eorb . The contributions of other internal energy sources such as recombination,
accretion, and jets, as well as longer-term processes like radiation pressure have also been
studied [96, 65, 70, 97, 69, 71, 72, 73, 74, 76, 75, 77, 98, 78] but may not be necessary to
reproduce observations of PCEBs.
While the companion inspirals through the primary star, its orbital energy changes as a
function of its position inside the primary. This change in orbital energy is given by
Gm2
∆Eorb [r] =
2



M [ri ] M [r]
−
ri
r


,

(2.2.1)

where m2 is the mass of the companion (assumed to be unchanged by the CE interaction),
and M [r] is the mass enclosed by the orbit of the companion and is taken from the stellar
interior models [99, 100, 101, 102, 95, 103]. The companion’s energy can be deposited into the
envelope of the primary, acting to raise the negative binding energy of the envelope.
The envelope is bound to the primary with some binding energy:
Z

Mo

Ebind [r] = −
M
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whose absolute value must be exceeded in order to eject the envelope from the system. If the
change in orbital energy of the companion cannot exceed the binding energy of the envelope,
the companion will shred inside the envelope leaving a single star whose evolution has been
significantly altered [16, 17, 18, 104, 105].
The post-CE orbital separation between the stripped-envelope star and the companion can
be predicted given the above energy parameters. The maximum radius at which the orbital
energy of the companion exceeds the binding energy of the primary is, to first order, the
radius of the final separation between the components of the binary (i.e., when the envelope is
ejected, the companion’s orbit stops shrinking). In the absence of the envelope, what remains
is the core of the primary which has been stripped of its envelope and the companion with
an orbit that has shrunk 100-1000x. These PCEBs typically have short periods (≲ 1 day)
and can result in several post-CE phenomena such as planetary nebulae, type Ia supernovae,
gravitational waves, etc. Observations of PCEBs are described in Section 1.3.2.
In many cases, it can be assumed that if the companion has sufficient energy to unbind the
envelope at a certain radius, the entire envelope will be ejected as the binding energy of the
envelope is constant. Once the envelope exterior to the companion is ejected, interior layers
may expand to the orbit of the companion, where they will continually be ejected until all
that remains is the compact core. In cases where the binding energy of the companion is not
constant, the dynamics of the envelope must be considered.
If the binding energy of the envelope is exceeded by the change in orbital energy of the
companion within a convective region, the stellar envelope interior to the companion will
expand to its orbit [106]. If the companion no longer has sufficient energy to unbind the
envelope, it will continue its inspiral, depositing more energy and unbinding deeper layers
while this process repeats until the companion has reached a radiative (i.e., non-convective)
region of the envelope. When layers of the radiative zone of the envelope become unbound,
the remainder of the envelope will contract, halting inspiral and leaving a companion in orbit
around the remnant core.
A cursory comparison of the binding energy of the primary and the change in orbital energy
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of the companion during the CE phase reveals that the companion provides sufficient energy to
unbind the envelope if the exchange of energy were perfectly efficient. However, when 100% of
the companion’s energy goes toward unbinding the envelope, the predicted final separations are
much wider than those of observed low-mass binaries. This requires that the energy transfer
between companion and envelope be inefficient. Various studies of the α-parameter have been
conducted, each finding that a low efficiency is necessary to reproduce observations of low-mass
PCEBs. However, these same studies when conducted with a low α yield an overabundance
of long-period systems, in direct conflict with the observations [107, 85, 83, 29, 95, 10, 108].
Instead of assuming a constant, low efficiency, the efficiency of the CE interaction may
be dependent on the internal structure and parameters of the binary. One way to remove
energy from a star (thereby lowering its efficiency) is through convection and radiation. These
possibilities are explored in this work.

2.2.2

Convection

The central core of a star is orders of magnitude hotter than the surrounding envelope, causing
the material which makes up the envelope to experience turbulent convection, a process that
occurs due to temperature and pressure gradients and instabilities in fluids. The Schwarzschild
stability criterion for convection,
dT
<
dz



1 T dP
1−
,
γ ρ dz

(2.2.3)

where γ is the ratio of the specific heats at constant pressure and volume (CP /CV ), ρ is the
local density of the fluid, and the temperature (T) and pressure (P) gradients are measured
over some distance (dz), indicates the conditions when a fluid is stable against convection (i.e.,
convection does not occur when the inequality is true). This condition is not met in the outer
envelopes of giant stars, allowing for mixing of material and energy by convection.
As a convective eddy heats, its density decreases, allowing the more dense eddies around
it to gravitationally sink below it. The now sunken eddies are then heated by the heat source
while the previously-heated eddy cools due to its distance from the heat source. This process
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repeats on end. This highly asymmetric process is computationally difficult to model, so
several acceptable approximations have been used to describe the convective motions of the
interiors of stars.
One of the most detailed approaches to modeling convection considers up to millions of
convective eddies which span a spectrum of sizes and pressures/temperatures. This method is
known as the Full Spectrum of Turbulence (FST) and determines turbulent flux, a component
of total stellar flux, as a function of the temperature gradient and the adiabatic temperature
gradient. Importantly, FST treats convective eddies as nonlinear, compressible bodies as
opposed to perfectly aligned bodies decreasing in size toward the surface as other methods do.
This allows for a robust representation of convection but is, in many cases, computationally
prohibitive. Other methods of modeling convection work to minimize computational expense
while still providing a sufficient treatment of convective motions [109].
If a star is assumed to be spherically symmetric, mixing length theory (MLT), a 1Dimensional approximation to describe the convective motions within the star, can be used.
MLT allows a single convective eddy, representing an average eddy, to move through a scale
height, or the distance over which the pressure changes by some fraction of itself [7]. The
length that the average eddy can move due to buoyancy before dissipating, Λ, is the mixing
length, and is given by


dlnP
Λ = ηHP = η −
dr

−1
,

(2.2.4)

where η is calibrated using Solar quantities and is of order unity1 , P is the star’s radially
dependent pressure, and HP is the pressure scale height. Then the kinetic energy per mass
and the work done by buoyancy can be balanced to yield the average convective velocity of
the representative eddy,
s
v̄conv =

∆ρ|g|
Λ,
8ρ

(2.2.5)

which can ultimately be used to determine the convective transport timescale of the convection
in stars, described below. For some applications, MLT can also be enhanced by including the
1
The value η described here is more typically denoted as α but has been changed to avoid confusion due to
the abundance and importance of the ejection efficiency, α, presented in this work.
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opacity of the convective eddies, which can allow effects of radiative losses to be considered in
simulations [110].
The envelopes of extended (super)giant stars host an immense layer of turbulent, vigorous
convection which extends to the surface of the star. This convection acts to mix and transport
energy and matter and is responsible for the surface elemental abundances that are observed
(discussed further in Section 2.4). It is necessary to consider if subsonic convection can, indeed,
transport the energy deposited by a companion during CE evolution; the maximum convective
luminosity must be able to accommodate additional drag luminosity of the companion. As
the companion inspirals through the primary, its drag produces a luminosity,

2
Ldrag [r] = ξπRacc
ρ[r](vϕ [r] − venv )3

(2.2.6)

[17]. If this is less than the maximum luminosity that subsonic convection is able to carry,

Lconv,max [r] = 4πρ[r]r2 cs [r]3

(2.2.7)

[111, 112, 72], then the convective eddies are capable of carrying the energy deposited by the
companion to the surface of the shared envelope without moving at supersonic speeds.
The two major timescales at play inside a CE with convection are that of the companion’s
inspiral and the convective transport. Assuming that there is no change in the convective
velocity, vconv , due to the companion’s presence, the time it takes for a convective eddy to
move from some radius within the primary to the surface of the primary, or the convective
transport time, is given by:

Z
tconv [r] =
r

R⋆

1
vconv

dr.

(2.2.8)

The time it takes for the companion to inspiral through the envelope can be derived by
equating Ldrag (Eqn 2.2.6) with the time rate of change of the companion’s gravitational
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potential energy:
Gmcomp vr
dU
=
dt
r



dM
M
−
dr
r


.

(2.2.9)

Solving for the velocity in the radial direction, vr , and then inverting yields the inspiral
timescale, given by:

Z

rshred

tinspiral [r] =
ri



dM
dr

−

M [r]
r



(vr2 + v̄ϕ [r]2 + cs [r]2 )2

4ξπGmcomp rv̄ϕ3 ρ[r]

dr,

(2.2.10)

where rshred is the tidal shredding radius of the companion, ξ takes into account the wake of
the material, ρ[r] is the primary’s density, cs [r] is the speed of sound in the stellar medium,
v̄ϕ is the relative velocity between a Keplerian orbit and the envelope (i.e., v̄ϕ = vϕ − venv ),
and vr ≪ v̄ϕ .
Using these two timescales, the location in the primary where convection dominates over
the inspiral can be found; wherever the convective transport timescale is shorter than the
inspiral timescale, convection is able to transport the energy deposited by the inspiraling
companion to the surface of the primary where the energy can be radiated away and lost from
the system.
The regions where convection is dominant in the primary star extend to the surface of
the star. The companion star plunges into a convective region and its energy is immediately
deposited into an area where the energy can be carried to the surface and radiated away. In
these regions, the energy does not contribute to envelope ejection and therefore α[r] = 0. As
it eventually inspirals into a radiative region, the energy is no longer radiated away from the
system, but rather is immediately injected into the envelope at the base of the convective
zone. In regions where convection is not effective at carrying energy to the surface of the star,
α[r] = 1, leaving the energy to contribute to envelope ejection. These two regions are depicted
in Figure 2.1.
In many cases, this sudden deposition of energy into the radiative zone is sufficient to
eject the envelope (i.e. ∆Eorb [rconv ] > Ebind [rconv ]), thus halting inspiral and leaving behind
the remnant core orbited by the companion. A cartoon describing this phenomenon in shown
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Figure 2.1: As the companion (shown in black) inspirals through the envelope, it experiences
a drag force which slows its velocity and releases orbital energy into the envelope. (a) If the
energy is released within a convective region, the energy may be carried by convective eddies
to the surface where it is radiated away and lost from the system. (b) If the energy is released
in a non-convective (radiative) region of the star, the energy can contribute to ejecting the
envelope.
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Figure 2.2: A cartoon depicting the difference in ejection radius when the CE efficiency is
lowered due to convection. When the change in orbital energy, ∆Eorb is allowed to leave
the system via convection and radiative losses, the companion can inspiral further into the
envelope before the binding energy of the envelope is exceeded, thus ejecting the envelope.
The orbital energy curve that has been “modified” by convection is shown in gray.

in Figure 2.2. When the orbital energy is evacuated from the system via convection, the
energy is not deposited into the envelope until tinsp [r] < tconv [r], which is in many cases at the
boundary between the radiative and convective zones. Where the two energy curves intersect,
the envelope can become unbound, approximating the final separation between the core and
companion.

2.3

Stellar Evolution Models

Stellar evolution codes can be used to investigate the internal structure of a star during its evolution. The work presented here makes use of Modules for Experiments in Stellar Astrophysics
(MESA) to calculate and describe the interior properties of stars. MESA is an open-source, 1Dimensional stellar evolution code which produces spherically symmetric models of stars based
on user-tunable initial parameters such as Zero-Age Main Sequence (ZAMS) mass, metallicity,
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mass loss coefficients, etc. [113, 114]2 .
The modules entitled 1M_pre_MS_to_WD (release 10108) and 25M_pre_ms_to_core_collapse
(release 11701) were run to calculate the evolution of low-mass stars and high-mass stars, respectively. The ZAMS masses were adjusted to cover a wide range of initial masses, from
0.8M⊙ to 6M⊙ , and 15M⊙ to 70M⊙ . Solar metallicity (Z=0.02) was assumed for all models.
The radial structure (parameters such as density, temperature, enclosed mass, convective
velocity, local sound speed, core mass, etc.) of a star at each timestep of its evolution is
calculated. In particular, the convective velocities are determined via MLT, as described
above. From these data, interior regions of the star (i.e., the boundaries between the core,
radiative zone, and convective zone) can be determined at each timestep. This allows for a
complete picture of the dynamic stellar interior throughout its evolution.
The growth of the core and single-star expulsion of the envelope via stellar winds are
also modeled by MESA. Though a binary companion will affect these facets of evolution, the
interior structure of the shared envelope can be assumed to be unchanged during the shortlived inspiral of the companion, with the exception of envelope expansion which is taken into
account as described in Section 2.2.1. In order to best represent the outcomes of CE evolution,
the outcomes of single-star evolution as predicted by MESA should match observations as closely
as possible.
As stars evolve their cores gain mass. During single star evolution of low-mass stars the
core grows in mass while stellar winds contribute to the loss of envelope mass on the two giant
branches. The final mass of the star after the envelope has been removed by winds (i.e. the
final mass of the core) is related to the ZAMS (initial) mass of the star, and has been defined
semi-empirically in Cummings et al. (2018) [3].
In binary star evolution, the masses of the cores will grow as in single star evolution, but
the mass growth of the primary’s core may be interrupted during a CE event. The internal
evolution of the stellar core will affect the outcome of the CE if the envelope is ejected; the
mass of the remaining compact core will depend on the rate at which the core gains mass within
the primary and the time at which the envelope is ejected, thus interrupting core growth.
2
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Figure 2.3: The functional form of the initial-final mass relation (IFMR) from Cummings et
al (2018) [3] is shown in blue, and the initial-final masses of MESA models are shown in orange
and red points, for ηB = 0.7 and ηB = 0.15, respectively.

For this reason, when modeling binary star systems, it is important that the stellar evolution code produces a core mass that matches the initial-final mass relationship (IFMR). MESA
has mass-loss parameters (ηR and ηB ) that can be tuned such that the final mass of the core
is affected. The mass-loss in MESA follows a Reimers prescription [115] on the RGB:
ṀReimers = 4 × 10−13 ηR

LR
M

and a Bloecker prescription [116] on the AGB:

ṀBloecker = ηB ṀReimers .

In order to match the IFMR, the mass loss coefficient on the RGB was set to ηR = 0.7 for
Chapter 2. Toward a Physically-Motivated and Scenario-Dependent Ejection
Efficiency

27

Chapter 2. Toward a Physically-Motivated and Scenario-Dependent Ejection
Efficiency
all low-mass stellar models (MZAMS = 1.0...6.0). The mass loss coefficient on the AGB, ηB ,
was tuned to match the IFMR. For stars which have ZAMS masses ≤ 2.8M⊙ , ηB = 0.15. For
stars which have ZAMS masses ≥ 3.0M⊙ , ηB = 0.7. The initial (ZAMS) and final masses of
stars within the range 1.0 ≤ M⊙ ≤ 6.0 are shown in Figure 2.3 in red or orange points. The
quantitative IFMR relationship is plotted, with uncertainties, in blue. All of the low-mass
models presented in this work match the IFMR presented here. There is no equivalent IFMR
on which to base changes to the default mass-loss coefficients for high-mass stars.

2.4

Convection in Giant Stars

Giant stars possess deep and vigorous convective regions which act to mix and transport energy
and material to the surface of the star; both high-mass and low-mass giants have deep surface
layers with turbulent convection. A comparison of the convective transport timescales for a
low-mass star and a high-mass star is shown in Figure 2.4. Where the convective transport
time is short (∼108 seconds), convective eddies travel from deep in the star to the surface
on short timescales; this defines the convective zone. On the contrary, in regions where the
timescales are long, matter and energy are not quickly mixed or transported; this defines the
radiative zone.
This deep layer of convection, while always present in giant stars, is not constant in depth.
The boundary between the convective and radiative zones, rconv in this work, fluctuates depending on internal processes of the giant. For example, AGB stars undergo thermal pulses
during which the convective layer, radius, and luminosity of the star pulsate, resulting in enhanced elemental mixing and mass loss events. During giant phases, the elements which have
been synthesized in the core of a star can be carried to the surface via dredge-up phases in
which the convective envelope contracts toward the core following a dominant phase of nucleosynthesis. Three phases of dredge-up can occur: first after hydrogen core burning, then after
helium core burning, and finally, multiple instances after helium flash burning events. The
so-called “third dredge-up” is the primary event wherein elements from deep within the star are
transported the surface where they become observable as “surface abundances.” In particular,
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Figure 2.4: The convective transport timescales for a low-mass star (1.0M⊙ , blue) and a highmass star (25M⊙ , orange) at their maximum radii during the evolution are both very short
(∼108 seconds) throughout the envelope indicating vigorous convection.

when carbon is brought to the surface of an AGB star during third dredge-up, the surface
abundance ratio of C/O may flip from less than unity to greater than unity, at which time a
carbon-star is formed [7]. Indeed, thermal pulses on the asymptotic giant branch may directly
contribute to observed morphologies of evolved C-rich giants with detached shells [117].
The deep convective envelopes of an expansive giant may engulf a companion. The companion will begin to inspiral through a convective region toward the radiative region. Throughout
its inspiral, the companion will deposit energy which can aid in ejecting the envelope. However, if the convective transport time is shorter than the inspiral time, convection is able to
move energy to the surface faster than the companion can deposit energy. In these cases, the
energy deposited by the companion does not contribute to ejecting the envelope as the energy
is carried to the surface where it is radiated away. The companion’s energy, therefore, cannot
Chapter 2. Toward a Physically-Motivated and Scenario-Dependent Ejection
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Figure 2.5: Comparison of convective transport timescales and inspiral timescales for several
low-mass binaries at the maximum radius of the primary during its evolution. The convective
zones (yellow) are deep in each primary giant [4]
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Figure 2.6: Comparison of the binding energy of a low-mass primary and orbital energies
of several companions modulated by convection. Convection allows the companion to travel
deeper into the star before its change in orbital energy exceeds the binding energy of the
envelope [4].

aid in unbinding the envelope until its inspiral timescale is less than the convective transport
timescale. In many cases this occurs at rconv . The timescale comparisons for several low-mass
stars is shown in Figure 2.5.
The envelope is ejected when α∆Eorb > Ebind and with this convective model, α is dependent on the timescale comparison. The radius during the companion’s inspiral at which
tconv = tinsp for the first time is the radius at which energy from the companion may finally contribute to ejecting the envelope. Exterior to that location, energy has been lost
from the system via convection, thereby lowering the CE efficiency. This lowered efficiency
allows the companion to travel deeper into the layers of the primary before ultimately ejecting
the envelope. The final separations of PCEBs can be predicted to be the radius at which
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α∆Eorb [r] > Ebind [r], i.e., at the intersection of the curves in Figure 2.6.
The dashed curves in Figure 2.6 closely resemble the modified orbital energy curve shown
in the energy cartoon, Figure 2.2, wherein the change in orbital energy from individual companions is removed from the system within the convective zone. This allows the companion to
travel deeper into the envelope before its energy can be used to drive envelope ejection. The
radius at which α∆Eorb [r] = Ebind [r] predicts the final separations of low-mass (M-dwarf)
companions around white dwarf stars. Assuming circular Keplerian orbits, these separations
are consistent with observations of M-dwarf+WD binaries [4].

2.5

Conclusion

The energy transfer between companion and common envelope which allows the envelope to be
ejected from the system may be modulated by the presence of vigorous convection, a process
which occurs in all giant stars. Convection, while ubiquitous, is computationally difficult to
represent. Approximations, such as mixing length theory, aim to describe the bulk properties
of convection in such a way that allow for meaningful analyses of internal mixing and transport
of material and energy.
When the convective transport timescale dominates over the inspiral timescale, energy
that is deposited by the companion within the convective regions can be entirely lost from the
system. This radiation of energy away from the binary results in a lowered ejection efficiency
which is physically motivated and dependent on parameters of the binary. In addition, the
ejection efficiency, α, is not only a function of the binary parameters, but is calculated based
on radially-dependent α[r] = 0 or α[r] = 1 values. In this way, α can be determined via
R rf
α=

ri

α[r]dEorb [r]

Eorb [rf ] − Eorb [ri ]

(2.5.11)

[4], where the orbital energy is modulated by convection’s ability to carry energy to the surface
of the envelope (i.e., α[r] = 0 where tconv [r] < tinsp [r]). This allows companions to travel deeper
into the envelope before their energy can contribute to ejection, reducing the separation at
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which the envelope is ejected. Final separations of low-mass PCEBs that endure a convective
CE phase are short (∼1011 cm) and are consistent with observations of M-dwarf+WD pairs.
Direct comparison to observations of low-mass PCEBs such as double white dwarfs (DWDs)
and high-mass PCEBs such as Wolf-Rayet binaries may reveal more nuance regarding the
convective CE phase.
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Chapter 3

Convection in Low-Mass Common
Envelopes
3.1

Introduction

Double white dwarfs are PCEBs from low-mass stars which may have undergone two successive
CE events in some cases, resulting in two envelopes which have been ejected; other formation
mechanisms are possible and indeed likely in some cases. Consequently, two remnants of lowmass stars are left in a compact orbit. Double compact objects, such as DWDs, are sources
of gravitational-wave emission, though there is yet to be an instrument sensitive enough to
detect emission from DWDs specifically. Building a framework for understanding how these
objects form will allow for more robust conclusions to be drawn surrounding WD mergers once
gravitational-wave observations have been made. Observations of low-mass PCEBs, including
DWDs, show that binaries which have survived a CE phase have short-period (≲ 1 day) orbits.
Simulations, reconstruction research, and population synthesis studies agree that in order to
produce binaries with such short periods, the ejection efficiency of the CE interaction must
be low (see Chapter 1). Convection may provide a means by which energy can be radiated
away from the system, thereby lowering the efficiency of the CE interaction. In this chapter, I
describe the impact of convection on low-mass common envelope evolution and the formation
Chapter 3. Convection in Low-Mass Common Envelopes
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of DWDs.

3.2

Methods

With a compilation of observed DWDs and their orbital parameters, as well as stellar interior
models, we compare the population of DWDs to modelled CE outcomes. A graphical summary of our method is portrayed in Figure 3.1, with panels A, B, and C corresponding to
Sections 3.2.1, 3.2.2, 3.2.3, respectively.

3.2.1

Observations

To date, many DWDs have been observed and characterized primarily via radial velocity
and/or transit methods [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 44, 43, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54, 55, 56, 57, 58, 59, 60]. Our sample consists of 141 DWD systems each of which
contain observed masses, the corresponding orbital periods, and statistical constraints on the
secondary masses. We determine a separation for each system assuming the orbits are circular
(Figure 3.1, panel A). While temperatures (colors) are reported for many of these systems,
temperatures of individual white dwarfs are not available. For this reason, we are unable to
break the degeneracy in how the system is formed and model each binary twice.

3.2.2

Stellar Models

We use Modules for Experiments in Stellar Astrophysics (MESA, release 10108), an open-source
stellar evolution code, to produce detailed, spherically-symmetric stellar interior models [113,
114]1 . The full evolution of the star is calculated for zero-age-main-sequence masses from
1.0M⊙ to 6.0M⊙ in increments of 0.2M⊙ with solar metallicity (Z = 0.02). To match the
semi-empirical initial-final mass relationship (IFMR) of [3], we adopt a Reimers mass-loss
prescription with ηR = 0.7 on the RGB and a Bloecker mass-loss prescription with ηB = 0.15
on the AGB [115, 116]. Given these mass-loss coefficients, our evolutionary models match the
observationally-derived IFMR within the measured errors [3].
1
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For each WD mass in our observational sample of DWDs, we determine the time in each
modelled star’s evolution at which the core mass matches the observed WD mass to within
0.02M⊙ from a suite of primary mass models, ranging from 1.0 − 6.0M⊙ . This is depicted
in Figure 3.1, panel B. With several initial mass primary models mapped to each observed
system, the radius of the convective boundary of each modelled primary was found for this set
of initial masses. We do not use any formal initial mass function (IMF); rather, we draw from
all masses in our range, equally. This approach generates an initial mass distribution from the
primaries which produced cores that match DWD observations. This distribution is shown in
Figure 3.2. We note that while the core mass for each model monotonically increases in time,
several, higher-initial-mass (M ≥ 2.6M⊙ ) MESA models display a sharp, step-like discontinuity
in core mass. In these cases, the core mass jumps from 0 to ∼8-10% of the primary mass in a
single timestep, preventing a match to observations for WDs with masses less than ∼8-10% of
the initial mass primary. In particular, the observed ELM WDs can only be matched by MESA
models that exhibit continuous core growth (i.e. M < 2.6M⊙ ).

3.2.3

Modelling the CE with Convection and Spin-Up

For each observed DWD system, two corresponding CEs were modelled: (i.) the more-massive
WD as the companion and the less-massive WD as the core mass, and (ii.) the less-massive WD
as the companion and the more-massive WD as the core mass2 . These two modelled systems
were then iterated through several initial-mass primaries as shown in Figure 3.1, panel B.
Convective effects of the primary were taken into account by comparing the inspiral
timescale to the convective transport timescale as described in Section 2.2.2, where R2 = rWD ,
estimated via the WD mass-radius relation [118, 119, 120, 121]. Where the convective transport timescale is less than the inspiral timescale, energy liberated from the decaying orbit can
be carried to the surface via convective eddies where it is lost from the system via radiation.
Note that in this regime, we assume the primary’s radius does not appreciably expand and
thus the liberated orbital energy does not contribute to unbinding the CE. For regions where
2

We take the mass of the WD and the mass of the primary’s core to be constant during common envelope
evolution. The accretion rate onto a WD at the Eddington limit is given by ṀEdd ≃ 3×10−5 (R/RWD ) M⊙ yr−1 .
Even if the CE were to last 103 years, accretion would only increase the WD’s mass by three percent.
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Figure 3.1: A cartoon of the method employed in this chapter, in three panels. A: A list of
DWD observations is used, which include WD masses and periods. Separations are estimated
assuming circular orbits. B: Using stellar evolution models, we match the modelled core mass
and the modelled CE companion to both of the observed/derived values for stellar models
of primaries ranging from 1.0 − 6.0M⊙ . C: Common envelope evolution includes convective
effects and spin-up of the envelope.
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Figure 3.2: The frequency of primary mass values from which the cores are modelled. No
initial mass function (IMF) is assumed from which to draw our data; this is effectively an
IMF from which our data are drawn. Models were selected from a suite of primary masses
(1.0 − 6.0M⊙ ) at a time in each primary’s evolution when the mass of the core equals the mass
of an observed double white dwarf component within 0.02M⊙ .

the convective transport timescale is long compared to the inspiral timescale, energy must be
deposited locally in the gas and thus can only be used to raise the negative binding energy
of the envelope. The orbit continues to shrink until the envelope is either unbound, leaving a
post-CE DWD, or the companion tidally disrupts inside the CE, leaving a single star whose
evolution has been significantly modified.
Convection in CEs is an important physical effect to investigate as RGB and AGB stars
have deep and vigorous convective envelopes. In addition to transporting energy, convection
also acts to distribute energy throughout the envelope. While the depth of the convective
region changes on hundred-year timescales, the inspiral timescales are short (often ≲1 year,
but at most ∼30 years). Thus, we perform an analysis of the effects of convection for a single
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snapshot in the primary’s evolution.
In addition to convection, we also consider spin-up of the envelope during common envelope
evolution as simulations of CEs have shown significant transfer of angular momentum from
the orbit to the gas [65, 122, 68]. As RGB/AGB stars are slow rotators, we assume that each
primary is initially stationary. As the companion inspirals through the primary, the envelope
velocity, venv , can increase as it begins to spin until it reaches co-rotation, where venv = vϕ and
orbital decay is halted. In order for convection to transport the companion’s orbital energy, the
maximum luminosity that subsonic convection can accommodate, Lconv,max must be greater
than the drag luminosity, Ldrag , as described in Section 2.2.2.
If the relative velocity between the orbit, vϕ , and the envelope, venv , is reduced, the Ldrag ≤
Lconv,max constraint is more readily met since the inspiral timescale increases. The inspiral
timescale may be increased such that the convective transport timescale becomes dominant,
thus allowing the companion to travel deeper into the primary before contributing energy to
unbind the envelope, thereby decreasing the ejection efficiency. When Ldrag ≤ Lconv,max , the
nature of convection is unchanged; if the opposite is true (Ldrag > Lconv,max ) convection will
transition to the supersonic regime where orbital energy can be converted to kinetic energy
via shocks, thereby making the primary’s envelope less bound.
For the orbital energy released during inspiral through the convective zone to be fully
transported and radiated away, some amount of spin-up of the envelope may be required to
satisfy the luminosity condition. The amount required is calculated by first representing the
relative velocity of the two bodies as a fractional velocity: vϕ [r] − venv = βvϕ [r] which is
then substituted into Equation 2.2.6. The drag luminosity and the maximum luminosity that
convection can accommodate are then equated, i.e., Ldrag = Lconv,max . By setting r = rconv ,
the base of the surface-contact convective region3 the solutions for β can be found by solving
the following fourth-order equation:

vϕ [r]4 β 4 −

ξG2 m2comp vϕ [r]3 3
β + 2vϕ [r]2 cs [r]2 β 2 + cs [r]4 = 0.
r2 cs [r]3

(3.2.1)

3
The radius of the convective-radiative boundary, rconv , is defined as the radius from the center of the
primary to the base of the convective region which extends to the stellar surface.
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Note that because this equation is evaluated r = rconv , the solutions are the spin-up values at
the base of the convective zone; if the region spanning from the base of the convective zone
to the surface were rotating at this value, the luminosity condition, Ldrag ≤ Lconv,max would
easily be met.
For this analysis, only real roots of the above equation are considered. For systems with
β

= 0, the companion and the stellar envelope are fully co-rotating. For systems with

β = 1, the stellar envelope is stationary. We assume that the envelope is initially stationary,
requiring the envelope to spin-up from stationary (β = 1) to some velocity (β → 0) during
the companion’s inspiral; the real β value closest to unity without exceeding it is used as the
solution for each given system. The fraction of Keplerian speed taken on by the envelope is
represented by 1 − β (e.g., β = 0.7 has an envelope spun-up to 30% co-rotation) which is
equivalent to venv /vϕ .
To determine if the companion has deposited sufficient energy to unbind the envelope, we
compare the primary’s binding energy, Ebind , to the companion’s change in orbital energy,
∆Eorb , with an efficiency, α, as calculated via Equation 2.5.11. We consider the envelope to
be ejected, and therefore the final orbital separation of the pair to be, where the change in
orbital energy is equal to the binding energy.

3.3
3.3.1

Post-CE Orbital Separations of DWDs
Convection Alone

During CE evolution, convection can transport the released orbital energy of the companion
to the primary’s optically-thin surface where the energy can be radiated away [123, 124, 4].
This allows the companion to inspiral deep into the primary before reaching a region where
convection can no longer sufficiently transport energy to the surface. Once the companion
reaches this region, orbital energy cannot be radiated away and must contribute to unbinding
the envelope. This often occurs at the base of the convective zone where the inspiral timescale
is greater than the convective transport timescale. The orbital energy liberated at the base
Chapter 3. Convection in Low-Mass Common Envelopes
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of the convective zone is greater than the binding energy for many systems, and thus the
envelope is often ejected here.
In many cases, the inclusion of convection predicts the post-CE binary’s final separation to
be the distance between the primary’s core and convective boundary, rconv , and is consistent
with the sub-day periods of post-CE, M-dwarf+WD pairs [4]. Given the observed population
of short-period DWDs, we compare rconv to the observed DWD separations, aobs . Because the
same core mass can be produced via many different primary mass stars, each system cannot
be mapped directly to a single model. Instead, for this comparison, each WD in the pair is
reported with its aobs separately and is compared to the population of stellar models with
the same core mass. Across all observed DWD masses, we find a correlation between aobs
and rconv , underscoring a potential relationship between short-period binaries and convective
properties of the primary.
The correlation between aobs and rconv can be seen in Figure 3.3. The 282 green points
represent each white dwarf in the set of observed DWDs (141 pairs). The grey shaded region
is the space filled by the rconv values of models with the same core mass as the observed DWD
components. This novel correlation may indicate that WDs tend to halt their inspiral (i.e.,
eject the envelope) shortly after exiting the convective zone. To determine under what conditions the engulfed WD would eject the envelope of the primary at the base of the convective
zone, we included spin-up in our CE model which we discuss below.

3.3.2

Convection and Spin-Up

In order to eject the envelope at the base of the convective zone, the following criteria must
be met: (i.) the orbital energy released as the companion exits the convective zone must
be in excess of the binding energy and (ii.) the maximum luminosity that convection can
accommodate must be greater than the drag luminosity throughout the convective region.
Since angular momentum is also transferred from the orbit to the gas, any spin-up of the
envelope will lengthen the inspiral timescale. This in turn relaxes the conditions for convection
to transport energy to the surface.
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Figure 3.3: Comparison of observed DWD orbital parameters (green circles) and parameter
space filled by the distance from the stellar core to the convective boundary (shaded grey).
Each component mass of the DWD system is plotted individually. The parameter space
filled by the models closely resembles the parameter space filled by the observed data. This
correlation highlights the strong connection between convection in CEs and the post-CE DWD
population.
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Figure 3.4: Frequency of venv /vϕ values in the total population of initial mass models. The
venv /vϕ value is the fraction of co-rotation necessary for the inspiral timescale to increase
enough for the maximum convective luminosity to exceed the drag luminosity, thus enabling
convection to carry the energy to the surface. It falls off sharply after a peak at venv /vϕ = 0.7,
indicating that an envelope spin-up of >70% of Keplerian is not commonly necessary.

Since there is a limit to how much energy can be transported by subsonic convection, we
calculate the amount of spin-up necessary to ensure that Ldrag ≤ Lconv,max . At the base of the
convective region, rconv , we allow the envelope to spin-up to some fraction of the Keplerian
speed as determined by Equation 3.2.1. While this equation yields four solutions, we choose
the solution closest to unity without exceeding it. When β = 1, the envelope is stationary and
thus as the envelope spins up, β decreases until the envelope is in co-rotation with the orbit,
i.e. β = 0. The value 1 − β is equivalent to the ratio venv /vϕ .
For all but two modelled cases of our observed systems, there is a real, physical (0 < β < 1)
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Figure 3.5: Final system orbital separation normalized to the radius of the primary with spinup. Purple hexagons show systems where the companion has enough energy to unbind the
envelope. Black Xs show systems where the companion shreds within the envelope. Most
systems which shred and approximately half of systems that unbind have unphysical solutions
for β and are not plotted within these bounds.
solution. However, we note that there are an additional two systems that lack a matching MESA
model altogether. The frequency of venv /vϕ values peaks between 0.5 and 0.7, before sharply
dropping off. There are very few systems with venv /vϕ > 0.8, indicating that it is rarely
necessary for the envelope to reach 80% of the Keplerian speed. A histogram of venv /vϕ values
for the simulated initial systems is seen in Figure 3.4.

3.3.3

Unbinding the Envelope

Though we do not formally draw from an IMF, we note how many post-CE, short-period binaries emerge from our initial mass pairings. The initial-mass primaries coupled with white dwarf
companions are modelled via a convective CE with an envelope spun-up to their calculated
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venv /vϕ . Of all modelled systems, 78% have sufficient energy from the inspiraling companion
to unbind the primary’s envelope; the remainder tidally disrupt within the primary leaving
binary-modified, single stars. In Figure 3.5, the final orbital separation is shown, normalized
to the radius of each initial mass primary, in purple hexagons. The systems which tidally
shred are marked at their shredding radii with black Xs. A smaller afinal /rmax corresponds to
a shorter orbital period as the companion has traveled deeper into the envelope of the primary.
The spin-up values for each system are calculated via Equation 3.2.1.

3.4
3.4.1

Discussion
Convective, Spin-Up Model Matches Observations

The correlation in parameter space displayed between the observed orbital separation vs.
observed WD mass and the modelled convective boundary vs. modelled core mass (see Figure 3.3) is consistent with the ejection efficiency theory described in [4]. There is a degeneracy
in initial mass of the modelled cores, and thus, a closer relationship cannot be determined.
A given core mass can be modelled by up to 26 initial primary masses (1.0 − 6.0M⊙ ). Since
core masses grow at varying rates for different primary masses, the state of the star when its
evolution is interrupted, and therefore the location of the convective boundary, depends on the
mass of the primary. The depth of the convective zone can also change on timescales on the
order of ∼102 years for a single star. Though the modelled core masses match the observed
core masses within a few percent, this variability combined with the lack of an IMF make this
correlation intriguing but require future study for more robust conclusions to be drawn.
As described in Section 3.3.2, there is a solution for every initial mass system that was
modelled4 with only two exceptions. This means that for each observed DWD system, there
is a reasonable scenario where convection and spin-up will allow the envelope to be ejected
at the base of the convective zone. Figure 3.6 displays all of the observed DWD systems in
mass-mass space as well as the two systems that do not have a β solution, and the two systems
4
Note, two systems were not modelled as no MESA core was able to match the mass of the observed white
dwarf to within 0.02M⊙ .
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Figure 3.6: Mass-mass of each observed DWD system; marker size corresponds to orbital
period. The orange squares mark the two systems that were not modelled due to lack of MESA
models with core masses that matched observed WD masses. The magenta diamonds mark
the two systems with only imaginary β values. All four systems without a solution are on the
periphery of parameter space.

that do not have a corresponding MESA model. All four lie on the periphery.

Our predicted DWD separations closely match those observed (see Figure 3.7). The green
circles represent known DWD systems and are the same as those in Figure 3.3. The colourful
squares represent the DWD components and are coloured by the calculated spin-up value.
The parameter space filled by observations is also filled by models. The over-representation of
very short period (≲1010 cm) systems as compared to observations may be due to the systems
having short merger times or the lack of sampling from an IMF.
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Figure 3.7: A comparison of observed DWD orbital separations and final separations of modelled CEs with convection and spin-up. The venv /vϕ values are shown in a color gradient from
venv /vϕ = 0 (stationary envelope) in cyan to venv /vϕ = 1 (co-rotating envelope) in magenta.
The modelled systems with convection and spin-up match observed systems. There is an overrepresentation of very short-period (< 1010 cm) systems which may be due to the lack of an
IMF in this work.
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Figure 3.8: The β value (1 − venv /vϕ ) as a function of corresponding mass ratio of modelled
systems. The mass ratio is calculated to always be less than unity and β is calculated with
use of model parameters as described in Equation 3.2.1. The two curves follow β as a function
of the mass ratio and the Mach number, M; M = 1 is shown in the solid magenta curve and
M = 3 is shown in the dashed green curve. These curves bound the modelled data with few
exceptions and 1 ≤ M ≤ 3 accurately describes the majority of the stellar interior models
used.
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Figure 3.9: Mach number versus radius for three representative models at their maximum
radii. The dashed, blue curve follows the Mach number through a primary star of mass 1.0M⊙
with core mass 0.45M⊙ and companion of mass 0.6M⊙ , closely representing the WD0028474 system. The solid, orange curve follows the Mach number through a primary star of
mass 5.0M⊙ with core mass 0.44M⊙ and companion of mass 0.38M⊙ , closely representing
the WD1013-010 system. The dot-dashed, green curve follows the Mach number through
a primary star of mass 1.0M⊙ with core mass 0.2M⊙ and companion white dwarf of mass
1.06M⊙ , closely representing the SDSS J1257+5428 system. The gray vertical lines mark the
outer radius of each primary star. The Mach values fall in the range 1 < M < 3 for all mass
ratios in this work except where they asymptotically increase at the surface of the star.

3.4.2

Spin-Up and Mass Ratio

There is a correlation between the mass ratios of the initial systems, mcomp /M1 , and the
amount of spin-up necessary such that the maximum convective luminosity is greater than
the drag luminosity. As the mass ratio increases, the β value decreases, i.e., the amount of
spin-up necessary to meet the luminosity inequality increases (since venv /vϕ = 1 − β). This
relationship is shown with blue points in Figure 3.8.
The mass ratio of the initial system can also be mathematically related to β by making the
approximation vϕ ≃ cs , a reasonable assumption given that the Mach number, M, is of order
unity in these systems except near the stellar surface. For three primary models, M vs. r is
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shown in Figure 3.9. When the Keplerian velocity and the sound speed are set equal to each
other in Equation 3.2.1, the solution for the Keplerian velocity is

vϕ2 = ±

(M3 ξ)1/2 Gmcomp β 3/2
.
r (β 2 + M−2 )

(3.4.2)

Since the Keplerian velocity is a function of M1 , this equality can be expressed in terms
of the mass ratio (mcomp /M1 ), β, and M in the following way:
mcomp
β 2 + M−2
=
.
M1
(M3 ξβ 3 )1/2

(3.4.3)

The vast majority of β values are bounded by the above equation evaluated at M = 1 and
M = 3; these values are representative of the upper and lower limits of the Mach numbers
within the primary’s envelope. A plot of the above function in comparison to the relationship
β vs. mcomp /M1 is shown in Figure 3.8.

3.5

Conclusion

We considered how the effects of convection and spin-up in common envelope evolution impact the formation of DWDs. For each observed DWD system, two corresponding CEs were
modelled: (i.) the more-massive WD as the companion and the less-massive WD as the core
mass, and (ii.) the less-massive WD as the companion and the more-massive WD as the core
mass. To study convective effects, we employ detailed stellar interior models to compare the
convective transport timescale to the inspiral timescale and the drag luminosity to the maximum luminosity that can transport energy via subsonic convection. The stellar envelopes are
spun-up such that convection can accommodate the energy as the orbit decays. Our major
findings are as follows.

– The correlation between the convective boundary and observed DWD separations reinforces the connection between short-period binaries and convective properties of the
primary described in [4]. (See Figure 3.3.)
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– Our physically motivated description of ejection efficiency which combines convective
effects with spinning-up the convective region of the envelope produces final separations
of modelled systems that match observations of DWDs. (See Figure 3.7.)
– In order for convection to transport the energy released as the orbit decays, the envelope
must be moderately spun-up. The venv /vϕ values range from 0.0 to 0.82, with a peak
between 0.5 and 0.7; the envelope is never required to spin-up faster than 82% of the
Keplerian speed to transport the full amount of orbital energy released during inspiral.
There are several promising directions for extending this work. Our physically-motivated
ejection efficiency could be included in population synthesis models. In particular, it would be
interesting to see how Figure 3.7 changes when the physics described in this work are incorporated into a binary population synthesis code with a proper IMF. High-resolution, global
simulations of common envelopes do not include convection and radiation, both necessary
ingredients for the effects described herein. Given that RGB/AGB stars possess deep and vigorous convective zones, future numerical work could be focused on incorporating these effects
in self-consistent ways.
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Chapter 4

Convection in High-Mass Common
Envelopes
4.1

Introduction

Due to the rarity of observations of systems entering, undergoing, and exiting the CE phase,
post-CE phenomena of high-mass systems, such as short-period binaries, compact-object binaries, X-ray binaries, Wolf-Rayet binaries, gravitational-wave sources, and others are used
to indirectly study CEs [125, 126, 16, 2, 127, 128, 129, 130, 131, 132]. Given the dearth of
direct CE detections, numerical simulations of high-mass CEs are an active field of research.
Early simulations of a massive star primary (16 M⊙ ) with a solar-mass neutron star companion were performed in spherical symmetry [133], axisymmetry [134], and in three dimensions
[135]. Recent simulations of massive star CEs have focused on the ejection mechanisms such
as radiation pressure, winds, and jets in the envelope [80, 82, 136, 137, 79, 78]. It should be
noted that due to computational complexity, current simulations neglect prominent physical
processes such as convection and radiation. High-mass and low-mass (super)giant stars possess deep and vigorous convective envelopes capable of redistributing the orbital energy and
in many cases transporting it to the surface where it can be radiated away. When this occurs,
the CE can radiatively cool, allowing orbital decay to continue until convective transport to
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the surface is no longer feasible. Including convection in CE modeling has been shown to reproduce the observed post-CE populations of M-dwarf+white dwarf binaries and double white
dwarf (DWD) systems [4, 138].
In this chapter, we investigate the effects of convective transport on massive star common envelope evolution. Using detailed stellar interior models, we compare the orbital decay
timescales to the convective transport timescales for the observed population of Wolf-Rayet
binaries. In contrast to low-mass stars, massive star CEs are highly efficient as the orbital
decay timescale is often shorter then the time required for convection to transport the energy
to the surface. When convection is included, we recover the observed Wolf-Rayet orbital separations and provide an explanation for the difference in efficiencies observed in low-mass and
high-mass CEs.

4.2

Envelope Ejection in High-Mass CEs

As with estimations of low-mass CE final outcomes, the result of a high-mass common envelope
phase is often estimated with the same energy argument that compares the binding energy
of the envelope to the energy liberated as the orbit decays (see Section 2.2.1). The ejection
efficiency, α, is also considered in high-mass CE evolution.
Population synthesis studies of low-mass binaries, which typically take α as a constant,
indicate the efficiency of the CE interaction must be low (α < 0.3) to reproduce observations
[107, 85, 83, 108]. However, similar studies of high-mass binaries that also employ α to describe
the ejection efficiency of more-massive systems find that the CE phase in high-mass stars is
highly efficient, i.e., α ≈ 1 [87, 88, 89, 90, 91, 92, 79, 80, 81] with few exceptions [82].
Recently, there is mounting evidence suggesting that the efficiency is not constant and
depends on properties of the binary and the internal structure of the envelope [103, 4, 138]. For
example, giant stars possess substantial convective envelopes that are capable of transporting
and mixing energy from deep in the interior of the star to the surface. How, and where, energy
is released during CE evolution, and how it is transported, can have profound implications on
the outcomes. If convection can rapidly carry the energy that is released as the orbit decays to
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the surface, it can be radiated away and have little effect on ejection. However, if convection
cannot transport the orbital energy, it remains trapped in optically thick gas and must be
used to aid ejection. Understanding where, and how, energy is released and redistributed in
CEs is an area of active research [70, 97, 72, 68, 74, 76, 77, 4, 138].

4.2.1

Modelling Convection in High-Mass Common Envelopes

Motivated by observations of low-mass post-CE systems that demonstrate the inefficiency of
the common envelope phase, we previously studied how energy is carried by convection in lowmass CEs [4, 138]. Here, we apply similar techniques to study the effect of convective transport
on the predicted final separations for massive star CEs. We begin by comparing the convective
transport timescale, tconv , to the inspiral timescale, tinsp , as before (see Section 2.2.2). Given
that giant stars are slow rotators, we assume that the envelope is stationary at the onset of
the CE phase and that vr ≪ vϕ at all times.
As in low-mass envelopes, when tconv < tinsp , convective eddies rise to the surface faster
than the orbit decays, allowing the system to self-regulate via radiative cooling. In these
regions, we assume all of the orbital energy is lost, and thus α[r] = 0. Conversely, where
tinsp < tconv , convective transport is slow compared to inspiral. As the orbit decays, the
liberated energy cannot escape the optically thick envelope and must contribute to ejection.
In these regions, convection acts to distribute the energy throughout the volume and thus we
assume α[r] = 1. Figure 4.1 shows an example where the convective transport timescale, while
short, is greater than the inspiral timescale through the majority of the envelope, indicating
that convection is not effective at transporting the companion’s orbital energy.
In order to maintain subsonic convection, the maximum amount of luminosity that convection can accommodate before transitioning to the supersonic regime must be greater than the
luminosity released during orbital decay (see Section 2.2.2). Where Ldrag ≤ Lconv,max , convection is able to to remain subsonic despite the increased energy transport. In cases where
Ldrag > Lconv , convection transitions to the supersonic regime whereby internal shocks could
contribute to raising the negative binding energy of the envelope.
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Figure 4.1: Convective transport timescale (thick, black curve) and inspiral timescales (dashed,
colored curves) of a 50M⊙ primary and three companions. Convective zone is shaded yellow.
Convection is only effective at carrying energy to the surface of the envelope where tconv < tinsp .
The efficiency in this example is high as the inspiral timescales are short compared to the
convective transport timescale throughout nearly the entire envelope (R > 1012 cm).

4.3

Observations and Methods

Our observational sample consists of WR binary candidates in the Small Magellanic Cloud
(SMC) and the Large Magellanic Cloud (LMC). In particular, WR binary candidates in the
LMC are nitrogen-sequence WR stars (WN). From this sample, we select the 19 binaries that
have measured orbital parameters. In each of these studies, the parameters of the systems were
derived using binary evolution models, based on observations of radial velocities, composite
spectra, and x-ray luminosity data. Each system has a WR primary and companions of various
types including main-sequence stars, giants, or WR stars, determined via luminosity class and
binary evolution models. Seventeen of our primary WR stars have masses between 9 and
66M⊙ , one has a mass of 2 M⊙ , and one has a mass of 139 M⊙ . Most systems have periods
between ∼2 and ∼34 days. Four systems have periods > 92 days [62, 63].
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Using evolutionary tracks of massive stars ranging between 15M⊙ and 70M⊙ , we calculate
the final predicted separations of post-CE binaries when convection and radiative losses are
included in the CE phase. We compare these predictions to observations of Wolf-Rayet (WR)
binary candidates (where at least one component, but not necessarily both components, of the
binary is a WR star) to explore the possibility that these systems are, in fact, progenitors of
common envelope evolution rather than a result of single-star evolution or some other binary
interaction. Only a select few of the binaries in the observed sample are considered “promising
candidates” of post-interaction binaries, [63]. There are fewer observed post-mass-transfer WR
binaries than are predicted but whether that is a result of observational biases or a weakness
of population synthesis codes is unclear [63].

4.3.1

Stellar Models

We produce spherically-symmetric models of massive star interiors with the open-source, stellar
evolution code Modules for Experiments in Stellar Astrophysics (MESA, release 11701, [113, 114,
139]). The full evolution of high-mass stars with solar metallicity (Z = 0.02) and the following
zero-age-main-sequence (ZAMS) masses is calculated: 15, 20, 25, 35, 40, 50, 55, 60, and
70M⊙ . For each model, we extract the radially-dependent internal structure of the star at
various epochs in its evolution. The radii at which the profiles were extracted are shown in
colorful data in Figure 4.2.
As a star evolves, the core becomes increasingly dense causing the central binding energy
to increase. We limit consideration to models of primary stars which have evolved to have
distinct central cores. Similarly, we exclude models which occur after the maximum radius
has been achieved. After the star reaches its maximal extent, the radius contracts, making it
likely that the CE phase would have started during a prior stage of evolution.
The convective regions of high-mass stars are determined for each point in the primary’s
evolution following development of a core (see colorful points in Figure 4.2). In the envelopes
of massive stars, and occasionally deep into the envelope, convection is well developed and
vigorous. To determine where convection can be effective at transporting the liberated orbital
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energy of the companion’s decaying orbit to the surface of the star, the convective transport
time (Eqn 2.2.8) is compared to the inspiral time (Eqn 2.2.10) for various companion masses.
Where tconv < tinsp , the convective transport timescale dominates over the inspiral timescale
and convection can carry energy to the surface of the primary where it can be radiated away
and α = 0. However, convective eddies can effectively transport a maximum amount of
energy before the convection becomes supersonic. This limit is described in Section 4.2.1. At
radii where Ldrag > Lconv,max and/or tconv < tinsp , α = 1 as convection cannot effectively
carry all energy in these regions. In Figure 4.1, a representative convective transport time is
compared to several inspiral times. In this example, the inspiral timescales are shorter than
the convective transport timescales throughout the envelope, demonstrating that convection
is unable to carry energy deposited by the companion away from the system.

4.3.2

Final Separations in a Dynamic Envelope

Companions with masses ranging from 10M⊙ to 35M⊙ , in increments of 5M⊙ such that
m2 /M1 < 0.7, were allowed to be engulfed in a primary star at different times in the primary’s
evolution. We consider the envelope ejection radius, rej , where the energy deposited by the
companion’s shrinking orbit has exceeded the energy required to unbind the envelope, i.e.,
the maximum separation, r, inside the CE where α∆Eorb [r] ≥ Ebind [r]. If this rej lies within
the convective region of the star, the envelope begins to unbind but stellar material interior
to the initial ejection radius will expand outward [106]. In this case, the final separation
of the companion and WR star, afinal , is determined to be the radius at which the orbital
energy of the companion exceeds the binding energy at the boundary between the radiative
and convective zones, i.e., where α∆Eorb [afinal ] = Ebind [rconv ], where rconv is the radius of
the boundary between the radiative and convective zones in the primary, and afinal is always
greater than the radius of the compact core. Should this afinal be interior to the radiative
zone it is redetermined to be rconv as ejection-expansion feedback ceases in a radiative region.
Companions that tidally shred prior to providing sufficient energy to eject the envelope are
excluded as they do not result in a binary system.
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Figure 4.2: The radial evolution of several high-mass stars is shown. The color of the curve
indicates the radius of the model and corresponds with the colors shown in Figure 4.3.

4.4

Results & Discussion

Given the final separation between companion and stripped star, we determine the mass of
the stripped star to be the mass enclosed at the final separation, or M [afinal ]. Our postCE binaries consisting of surviving MS companions around stripped-envelope primaries were
then compared to observations of Wolf-Rayet binaries. We derive the orbital separations for
observed systems assuming circular orbits. The majority of the observed WR binary systems
are matched (within error) by at least one of our theoretical post-CE systems. This comparison
is shown in Figure 4.3. Initial primary masses (ZAMS masses) are indicated with differently
shaped symbols while the final mass of the stripped star is displayed on the x-axis. The orbital
separation between the companion and the WR star is presented on the y-axis. Symbol colors
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Figure 4.3: Orbital separations of observed WR+MS are shown in black crosses and WR+giant
stars (i.e., luminosity classes I-III) are shown in white crosses. The ZAMS mass of the modeled
primary is indicated by the symbol shape. The final orbital separation between the modeled
primary and companion is determined while incorporating effects of convection.

indicate the radius of the primary at the time of engulfment as indicated in Figure 4.2. If the
presence of a companion were to maximize the speed of convection (i.e., vconv = cs ), thereby
lowering the convective transport timescale, the difference in the final separations would be
negligible.
The primary masses used to determine final separations range from 15-70M⊙ . Some visual
gaps in Figure 4.3 may be closed with the use of additional primary mass models. Various
companion masses were used to find the displayed final separations such that the mass ratio
m2 /M1 < 0.7.
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4.4.1

Comparing Low-Mass and High-Mass Results

In two previous studies, we examined the role of convection on two populations of low-mass
post-CE systems: white-dwarf+main-sequence (WDMS) binaries and DWDs. Similar to highmass stars, the envelopes of low-mass (< 8M⊙ ) post-main-sequence stars, i.e., Red Giant
Branch (RGB) and Asymptotic Giant Branch (AGB) stars, are almost fully convective. Generally, when convection is present in low-mass CEs, it greatly lowers the efficiency of the
interaction such that companions can travel deeper into the envelope, ending in short-period
binaries consistent with observations.
Final separations of systems that undergo a convective common envelope phase are generally smaller than final separations of systems which do not. Radiative losses via convective
transport allow the companion to travel deeper into the envelope before the CE is ejected,
rather than eject the envelope closer to the surface. The final separations of low-mass, post-CE
binaries following these convective arguments tend to be on the order of ∼1011 cm, consistent
with observations of M-dwarf+WD binaries [4]. In these systems, the convective luminosity
is able to accommodate all of the energy deposited by the companion.
When WD companions are allowed to inspiral through a convective CE culminating in
formation of a double white dwarf (DWD), the same two timescales must be considered. The
inspiral timescales for a WD companion are shorter than the inspiral timescales for a M-dwarf
companion, and Ldrag for a WD companion is greater than that of a M-dwarf companion. For
convection to effectively transport the companion’s change in orbital energy to the surface,
these two items must be true: tconv < tinsp and Ldrag < Lconv,max . In the case of more-compact,
WD companions, the envelope may begin to spin-up to some fraction of co-rotation, consequently increasing the inspiral time for the companion. Then, as with M-dwarf companions,
convection dominates and allows the WD companion to travel deep into the star before its
energy contributes to ejecting the envelope and the envelope is ejected from deep within the
star. When these final predicted separations are compared to observations of DWD candidates, the parameter space is matched, indicating that convection and radiation play a role in
the formation of short-period DWDs [138].
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In the high-mass primary cases presented here, the companions’ inspiral timescales are
short compared to the (comparably short) convective transport timescales. This means that
the companions contribute sufficient energy to eject the envelope close to the surface of the
shared envelope, rather than deep within it, resulting in wider final separations than are seen
in the low-mass cases. This is consistent with observations of WR+MS systems which have
orbital periods longer than those of low-mass systems.
Though both low-mass and high-mass giant stars possess deep and vigorous convective
envelopes, convection is only effective at transporting energy in cases where tconv < tinsp . In
low-mass stars, the inspiral times of companions with sufficient energy to unbind the envelope
are long compared to the convective transport timescale; in high-mass stars, the inspiral
times of companions with sufficient energy to unbind the envelope are short compared to
the convective transport timescale. This is summarized in Figure 4.4. For this reason, in
high-mass envelopes, the efficiency of the CE interaction, α, is high, such that convection
within the envelope cannot transport the companion’s orbital energy away from the system.
Instead, the vast majority of the energy deposited by the companion contributes to ejecting
the envelope rather than escaping the system. This high efficiency indicates that the envelope
will be ejected, halting the companion’s inspiral and therefore establishing a final separation,
close to the surface of the star. A histogram of the efficiency values which were determined
alongside the final separations of high-mass post-CE binaries is shown in Figure 4.5.
The change in orbital energy of the companion, ∆Eorb , is sufficient to unbind a massive
star’s envelope at a radius which is consistent with observations of WR binaries. The inclusion
of convection acts to reduce the energy which can contribute to unbinding the shared envelope
(i.e., decreases the ejection efficiency). In low-mass stars, convection is effective at carrying
energy of the companion to the surface of the star where it is radiated away; in high-mass
stars convection is not effective at carrying the energy of the companion for two reasons. First,
the companions which have sufficient energy to unbind the envelope also have orbital decay
timescales which are short. Second, the maximum luminosity able to be accommodated by
subsonic convection is exceeded in many cases during inspiral of these higher-mass companions.
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Figure 4.4: A cartoon showing the difference in low-mass and high-mass envelopes of (super)giants at their maximum radii. While the convective regions of both are deep and a
substantial part of the envelope, the region where convection is effective at removing the
companion’s orbital energy is dramatically different between the two. In low-mass stars, the
companion can travel much deeper into the envelope before its energy is tapped to drive ejection, thus lowering the ejection efficiency, such that α ≪ 1; in high-mass stars, the opposite is
true and the envelope is ejected closer to the surface, such that α ≈ 1.
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Figure 4.5: A histogram of CE efficiency, α, values for high-mass and low-mass CEs. Solid
blue bars represent efficiencies which are determined alongside the final separations shown in
Figure 4.3. The vast majority of the systems are produced with high (α ∼ 1) efficiencies. In
contrast, the low-mass efficiencies shown in red outline as calculated in Figure 6 of [4] tend to
be lower.

Unlike low-mass binaries which require being spun-up to only a small fraction of co-rotation,
high-mass binaries would require high (or imaginary) values of spin-up for the convection to
remain subsonic (see Eqn 3.2.1). Despite the overall ineffectiveness of convection at reducing
the efficiency of the CE interaction of high-mass stars, the radius where α∆Eorb ≥ Ebind (in
some cases modulated by values described in Sec 4.3.2) continues to match the populations of
binaries which are progeny of the initial masses used.
The final separations found in this work, while consistent with observations, do not incorporate the effects of radiation pressure of the massive star’s envelope, which may have an effect
on the companion’s inspiral [78]. In addition, all primary stars were assumed to have solar
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metallicity (Z=0.02). Changes in the metallicity of the supergiant to be more representative
of the metallicity of the SMC and LMC may have an effect on the envelope’s binding energy
and consequent CE outcomes [140, 141]. In the case where a lower metallicity significantly
decreases the binding energy of the envelope, the final separations of high-mass PCEBs may
be wider.

4.4.2

Implications for Population Synthesis Codes and Gravitational Wave
Sources

The efficiency of the CE interaction can be described as a function of the internal structure
of the star rather than a constant value. In low-mass CEs, we have shown that α is low in
most cases, but that the particular values of α vary dramatically given different convective
depths, mass ratios, and stellar phases [4]. These structure-dependent efficiency values match
observations of double white dwarfs, reinforcing the importance of convection on determining
the final separations of CE interactions [138]. In high-mass binaries, however, the α values,
while still dependent on the internal structure of the shared envelope, are much higher, revealing a more efficient CE phase. The final separations which follow from an efficient CE
interaction again match the population of commensurate observations. Current and future
population synthesis codes which can provide unique α values for binary scenarios, such as
POSYDON [142], may better match observations with considerations of the internal structure of
the primary. Without detailed internal structure of the binary, an appropriate approximation
is to allow α = 1 for CE interactions with high-mass primaries with a mass ratio no lower
than m2 /M1 ≈ 0.1.
CE evolution is the primary pathway by which binary stars come to be in short-period
orbits that eventually decay via emission of gravitational waves. Understanding the processes
prior to detectable gravitational-wave emission will provide a more complete understanding
of the mechanism. For high-mass stars we provide a physical motivation for and confirm
the assumption that the CE interaction which brings these binaries into close orbits is very
efficient, meaning that α which best describes the CE phase that produces BH+BH, BH+NS,
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and NS+NS binaries is high (α ∼ 1) [93, 94]. On the other hand, the CE interaction for
low-mass stars is very inefficient, meaning that α which best describes the CE phase which
produces WD+WD binaries is low [138].

4.5

Conclusion

In this chapter, we investigated the effect of convection on the common envelope phase of highmass stars. Common envelope evolution with the inclusion of convection matches observations
of low-mass binary systems (M-dwarf+WD and DWD); high-mass analogs of CE evolution
would form different compact binaries with neutron star (NS) and black hole (BH) components.
Characterizing the nature of high-mass common envelope evolution is an important step in
our understanding of gravitational wave progenitors. Other massive-star binaries, such as the
Wolf-Rayet (WR) stars explored here, act as laboratories for studying the post-CE outcomes
of massive stars.
We have examined the common envelope phase of high-mass (M > 15M⊙ ) binaries. Observations of envelope-stripped, high-mass stars (Wolf-Rayet stars) in binaries were compared
to final separations of high-mass binaries which undergo a CE interaction. Using detailed stellar interior models, we consider the effects of convection on the final systems which originate
from high-mass binaries. Our major findings include the following:
– Though high-mass stars have deep and rigorous convective envelopes, convection has
little to no impact on the radius at which the envelope becomes unbound. This is
largely due to the short inspiral time of high-mass companions. This is in contrast to
the large effect that convection has on the CE phase and final separations of low-mass
binaries [4] (see Figure 4.4).
– The efficiency of high-mass CE evolution is high (α ≈ 1), whereas the efficiency is low
in low-mass systems due to the difference in the role of convection in high-mass and
low-mass envelopes (see Figure 4.5).
– The change in orbital energy of the companion is sufficient (i.e., no additional energy
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sources are required) to unbind the envelope. Final separations of post-CE binaries
match those of observations when convection is considered. This is true for both highmass and low-mass CE interactions (see Figure 4.3).
– Inclusion of convection in CE provides a way to unify the discrepancy in efficiencies and
post-CE orbital separations in low-mass and high-mass common envelopes.
These findings allow for future work in several directions. High-resolution numerical studies
of CE evolution should work to incorporate convection and radiation. This would allow more
robust conclusions to be drawn as to the effect of convection on CE interactions of both lowmass and high-mass binary systems. In addition, a similar analysis as conducted in this work
can be extended more directly to the formation channels of compact-binary gravitational wave
progenitors.
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Chapter 5

Summary, Contributions, and Future
Directions
5.1

Summary

When a pair of stars evolves, it is possible that one will engulf the other after it has expanded
over 100 times its original radius on the one of the giant branches. This marks the onset of
the common envelope (CE) phase of binary evolution. During the CE interaction, the two
stars exchange energy and angular momentum such that the distance between centers of the
two stars shrinks up to 1000 times their original separation. When the companion star has
deposited enough energy to unbind the envelope, the envelope may be ejected from the binary
leaving behind a star in a short-period orbit around a remnant core.
Observations of post-common-envelope binaries (PCEBs) show that low-mass PCEBs have
sub-day orbits while high-mass PCEBs have orbits which are on the order of a few days. The
efficiency of the CE interaction must be low in low-mass systems and high in high-mass systems
according to simulations and population synthesis studies, but constant values of α fail to
reproduce the observed populations of PCEBs. Instead, an ejection efficiency which considers
the internal properties of the envelope, such as convection, may more readily reproduce PCEBs
which match observations.
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When a companion is immersed inside the envelope of a giant star, it enters into a convective region. The convective transport timescale is shorter than the inspiral timescale which
allows the energy deposited by the companion to be carried to the surface and radiated away.
The companion can then inspiral deeper into the envelope before its energy is used to drive
ejection. Once it has traveled beyond the convective region of the envelope, the companion’s
energy is quickly deposited into the surrounding medium and may exceed the binding energy
of the envelope. The envelope can then be ejected, leaving the final separation of the binary
closely related to the boundary where tconv = tinsp .
I have studied this phenomenon on two populations of PCEBs: DWDs (low-mass CEs) and
WR binaries (high-mass CEs). In the low-mass case, convection is very effective at carrying
the energy of the WD companion to the surface of the envelope. This results in very shortperiod binaries that match observed DWD systems. The ejection efficiencies in these cases are
low (α∼0.1 − 0.3). In the high-mass case, convection is not able to carry as much energy due
to the large drag luminosities and short inspiral times of the companions which have sufficient
energy to eject the envelope. Despite the ineffectiveness of convection in high-mass CEs,
the final separations I find match observations of WR binaries. The ejection efficiencies for
these high-mass CE scenarios are high (α∼1). In both the low-mass and high-mass CEs, final
separations which are determined given convective arguments match observations. This means
that convection may unify the discrepancy in average orbital period and ejection efficiencies
of low-mass and high-mass common envelope systems.

5.2

Contributions

Throughout the last several years, I have conducted studies which have provided meaningful
insight into the nature of binary star evolution. Several of these contributions are described
below.
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5.2.1

The Effect of Convection on CEs

With detailed interior structure models of stars, I have shown that the convective regions of
giant envelopes are deep and vigorous. Using these models, I have made arguments regarding
the ability of convection to carry energy deposited by a companion during CE evolution to
the surface of the star where it is radiated away. This has allowed me to show that convection
has an immense effect on the outcomes of low-mass CEs and a slight effect on the outcomes
of high-mass CEs. I have also shown that subsonic convection can accommodate the energy
of the companion in many cases, and that modest spin-up of the envelope resolves scenarios
where the companion’s drag luminosity may exceed the maximum transportable by subsonic
convection.

5.2.2

Matching the IFMR for Low-Mass Stars

I have produced a suite of MESA models that provides descriptions of the internal structure and
evolution of 74 individual ZAMS masses. This repository of stellar evolution data explores
different mass loss rates for low-mass stars that enable my models to match the observed
initial-final mass relation – a trait that makes my findings more robust. In addition, this suite
of models has allowed me to contribute to other studies of stars, such as Chamandy et al.
(2021) and Kastner & Wilson (2021) [143, 117].

5.2.3

A Physically-Motivated Ejection Efficiency

Through all of my studies, I have demonstrated that a physically-motivated ejection efficiency
that is modulated by convection and radiative losses matches observations of PCEBs, including
DWDs and WR binaries. Constraining the efficiency with which CE evolution occurs and the
energy sources required to unbind the envelope continues to be a topic of active research. My
findings and α prescription (Equation 2.5.11) can be incorporated into numerous codes which
may allow for new insights into envelope ejection.
Chapter 5. Summary, Contributions, and Future Directions

71

Chapter 5. Summary, Contributions, and Future Directions

5.2.4

Reconciling Low-Mass and High-Mass PCEB Dichotomy

Data from PCEBs show that systems that emerge from low-mass CEs end in far shorter-period
orbits than that of their high-mass counterparts. In addition, studies which have constrained
α for these two different populations of PCEBs have found the low-mass CE efficiency to be
low, while the high-mass efficiency is high. I have shown that incorporation of convection into
CE evolution reconciles the difference between the two sets of PCEBs and provides a unifying
theory to explain the dichotomy.

5.3

Future Directions

Results from my previous and current studies indicate that convection and radiative losses are
driving the final separations and ejection efficiencies of these systems, reiterating the importance of considering convective effects in other types of work such as numerical simulations
and population synthesis studies. My future research will explore the effects of convection
on several other extraordinary systems with massive stellar components. In future studies of
massive stars undergoing CE evolution I can explore: (i) binaries consisting of two compact
objects that are direct progenitors of detectable gravitational-wave emission and kilonovae
(NS+NS and NS+BH systems), (ii) potential progenitors of exotic, suppressed supernovae,
and (iii) novel formation mechanisms for TZOs. I describe each of these projects below.

5.3.1

Gravitational Wave Progenitors

Gravitational wave emission from NS+NS systems, BH+BH systems, and BH+NS systems
have all been detected by LIGO. However, the formation channels of these systems through a
convective CE phase have yet to be investigated. As with the binary systems I have already
studied, the ejection efficiency is also suspected to be low for gravitational wave progenitor
systems. My convective timescale argument may reveal a physically motivated and low αCE
that matches observations of compact object binaries.
Analyzing a CE interaction with a NS or BH companion will involve new and creative
theoretical arguments. For example, the increased inspiral timescales, the accretion of nearby
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material in the envelope onto the compact object, and the increased energetics of the interaction may affect the ability to assume a predominantly unchanging envelope during the CE
phase (though expansion of interior envelope material after ejection of exterior material is
already included). The supernova explosion’s effect on the CE must also be considered. Similar to my other work, I will be able to predict populations of compact objects which form
through a convective CE and compare to observations. I will then produce a look-up table
that describes the post-CE separation of binaries with various component masses. Data from
the table can then be incorporated into population synthesis codes of massive stars, such as
BPASS, to determine the predicted population of binaries at a given separation when using
an initial-mass function. I have produced similar such tables in the past for low-mass stars,
and results from a population synthesis code are forthcoming.
As LIGO continues to observe gravitational waves from compact binary mergers, more
specific data will constrain my convective theory of CE evolution. As preparation for the
joint ESA-NASA LISA mission progresses, it will be essential to understand the progenitors of
low-frequency gravitational-wave emission including DWDs in order to establish a framework
for when the mission yields data. My previous research on DWDs has prepared me for future
studies of DWD systems, including work on their orbits, mergers, and gravitational waves.
Compact binaries from high-mass stars are key to developing an understanding of highly
energetic stellar explosions. For this reason, I will also explore the relationship between the
convective CE phase, the energy radiated away via convection, and the expected supernova.

5.3.2

Suppressed Supernovae

During the evolution of low-mass stars, the presence of a companion can interrupt the core
growth leaving behind a WD which has a lower mass than is expected given the initial-final
mass relation [3]. Just as a low-mass star’s WD core can be interrupted by a CE, the growth of
the core and eventual supernova of a high-mass star may be affected, or altogether thwarted,
by CE evolution.
Among the diverse range of luminous transient stellar explosions are a class of curious
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objects which have been designated “supernova impostors” or occasionally Type V Supernovae. Several theories have been put forth to explain the origins of these explosive events,
but due to their distance and transient nature, determining specific physical formation mechanisms remains challenging. While some recent studies propose CE origins for these “transient
gap” phenomena [144, 145], I will research an alternative and novel CE origin that includes
convection.
In previous work, I have shown that convection lowers the inefficiency of the CE interaction,
thereby allowing the companion to travel deeper into the primary and spend more time in
the envelope before the outer layers are expelled. I propose that in a high-mass primary,
the lowered efficiency via convection may result in a star whose evolution and subsequent
supernova event is stunted. With analytical convective arguments, I will be able to offer
new insights into the possible formation mechanisms, occurrence rate, and observations of
supernova impostors or other gap transients.
In my convective CE argument, convection carries energy to the surface of the shared
envelope where it is radiated away. This increased radiation during the CE phase may produce
an observable lightcurve that can act as an observational signature of CE evolution. I will
predict the expected lightcurve of a binary in the CE phase, which can then be used as a tool
to refine and place observational limits on the convective CE argument. These lightcurves will
also predict the pre-explosion changes in emission which may be observable given the new,
expansive observational capabilities of upcoming sky surveys such as that undertaken by the
Vera C. Rubin Observatory (LSST).
As a complementary study, I will use convective arguments to investigate what phenomena
may result from high-mass stars whose envelopes are ejected prior to core collapse, including
the formation of NSs and BHs without a supernova explosion. Through this study, predictions
may be made of a new population of exotic stellar objects and their observational identifiers.
Expected lightcurves will again be utilized. Comparisons will also be made to observed systems
which have collapsed without evidence of a supernova [146].
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5.3.3

Thorne-Zytkow Object Formation

The low ejection efficiency that is dependent on the internal structure of the star will allow
for new arguments regarding the formation of TZOs, which are typically hypothesized to form
during a CE phase wherein the NS companion merges with the core of the primary star.
During many CE events, the companion star is tidally shredded within the shared envelope
due to the tidal forces of the core before the envelope can be unbound and ejected from the
system. Then, though the primary’s evolution is effected, no final binary will emerge from
the CE. If, instead, the WD core is subjected to tidal forces from a higher-mass, compact
companion (i.e., a NS companion), the core can tidally shred before the envelope is ejected.
I have shown that the inefficiency of the CE interaction due to convection enables a companion to travel deep into a star before its energy can be used to drive ejection. In the case of
a NS companion, this would allow the WD core and NS companion to inspiral closer to each
other, allowing the tidal forces on the core to grow. Then, before the envelope can be ejected,
the more-massive NS companion may be able to tidally disrupt the less-massive primary core
and replace it, rather than form a NS core via merger. The envelope will remain bound to
the system, leaving an evolved, low-mass star with a NS core. I will use my established convective and inspiral timescale arguments to analytically study the plausibility of this TZO
formation channel. This study of alternative formation mechanisms will also point to new
observational signatures that can allow astronomers to identify TZO candidates, such as the
predicted lightcurves described above.

5.3.4

Lycoming College

Following completion of my PhD, I will be joining the faculty at Lycoming College in Williamsport,
Pennsylvania as an Assistant Professor of Astrophysics.
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